Background: Covalently closed circular DNA (cccDNA) of hepatitis B virus (HBV) is the major cause of viral persistence in patients with chronic HBV infection. Understanding the mechanisms underlying stability and persistence of HBV cccDNA in hepatocytes is critical for developing novel therapeutics and managing chronic hepatitis B. In this study, we observed an unexpected increase in HBV cccDNA levels upon suppression of transcription by de novo DNA methyltransferase DNMT3A and uncovered additional mechanisms potentially involved in HBV cccDNA maintenance. Methods: HBV-expressing cell lines were transfected with a DNMT3A-expressing plasmid. Real-time PCR and HBsAg assays were used to assess the HBV replication rate. Cell cycling was analyzed by fluorescent cell sorting. CRISPR/Cas9 was utilized to abrogate expression of APOBEC3A and APOBEC3B. Alterations in the expression of target genes were measured by real-time PCR. Results: Similar to previous studies, HBV replication induced DNMT3A expression, which in turn, led to reduced HBV transcription but elevated HBV cccDNA levels (4-to 6-fold increase). Increased levels of HBV cccDNA were not related to cell cycling, as DNMT3A accelerated proliferation of infected cells and could not contribute to HBV cccDNA expansion by arresting cells in a quiescent state. At the same time, DNMT3A suppressed transcription of innate immunity factors including cytidine deaminases APOBEC3A and APOBEC3B. CRISPR/Cas9-mediated silencing of APOBEC3A and APOBEC3B transcription had minor effects on HBV transcription, but significantly increased HBV cccDNA levels, similar to DNMT3A. In an attempt to further analyze the detrimental effects of HBV and DNMT3A on infected cells, we visualized γ-H2AX foci and demonstrated that HBV inflicts and DNMT3A aggravates DNA damage, possibly by downregulating DNA damage response factors. Additionally, suppression of HBV replication by DNMT3A may be related to reduced ATM/ATR expression. Conclusion: Formation and maintenance of HBV cccDNA pools may be Microorganisms 2019, 7, 533 2 of 16 partially suppressed by the baseline expression of host inhibitory factors including APOBEC3A and APOBEC3B. HBV inflicts DNA damage both directly and by inducing DNMT3A expression.
Introduction
Chronic hepatitis B is one of the most common chronic infectious diseases in the world, and can ultimately lead to liver cirrhosis and hepatocellular carcinoma (HCC) [1] . After infection, the relaxed-circular DNA (rcDNA) genome of the hepatitis B virus (HBV) is modified and archived in the nucleus of infected hepatocytes as covalently closed circular DNA (cccDNA). This episomal intermediate of HBV replication serves as the template for genomic rcDNA and all HBV proteins forming progeny viruses. HBV cccDNA is a highly stable and persistent form of the viral genome that facilitates HBV persistence in chronically infected patients [2] . Modern antiviral therapies using interferons and/or nucleotide/nucleoside analogs cannot directly target HBV cccDNA and hence fail to eradicate the virus completely [3] . Mechanisms of HBV cccDNA formation and persistence are mostly unknown [4] . Persistence of HBV cccDNA in the nuclei of the infected cells may not just be related to its relative stability, as the half-life of HBV cccDNA in liver cells is rather short according to the most recent estimates [5, 6] . Instead, the HBV cccDNA pool is largely maintained by the conversion of rcDNA into cccDNA and (re)infection of susceptible hepatocytes by progeny virions [7] . At the same time, innate immunity may partially account for the relatively low levels of HBV cccDNA observed in cell culture models [8] . Experimentally enforced production of host viral restriction factors like APOBECs can partially deplete HBV cccDNA by directly deaminating and destroying viral genomes [9] , or at baseline levels by hypermutating HBV rcDNA, leading to the formation of non-viable HBV genomes [10] .
De novo methyltransferase DNMT3A is upregulated during HBV infection [11] [12] [13] . DNMT3A serves as a host antiviral factor that methylates episomal HBV cccDNA, suppressing its transcription and, thus, viral replication [14] . On the other hand, host DNA is also a target for DNMT3A [15] . Cumulative damage induced by DNMT3A [16] and HBV proteins (HBx [17, 18] and HBs [19] ) may contribute to the development of HCC. Indeed, increased DNMTs expression is known to be linked to cancer [20] .
In this study, we provide novel insights into the effects of DNMT3A on HBV infection and, most importantly, identify innate immunity as an important regulator of HBV cccDNA maintenance.
Methods

Cell Lines, Cell Culture, and Transfection
The HepG2-1.1meHBV (HepG2-1.1) and HepG2-1.5merHBV (HepG2-1.5) cell lines have been previously described [21] [22] [23] . Briefly, HepG2-1.1 are human hepatoma HepG2 cells with tet-on inducible 1.1-merHBV (genotype D subtype ayw) transcription from a strong cytomegalovirus (CMV) promoter, while HepG2-1.5 cells produce HBV constitutively from their own HBV wild-type promoters/enhancers. The cells were cultured in Dulbecco's modified Eagle's medium supplemented with 10% FBS (Gibco, Thermo Fisher Scientific, Waltham, MA, USA), 1% penicillin/streptomycin, and 1% l-glutamine in 6-well plates. Cells were seeded one day before transfection to reach approximately 70% confluency by the next day, when pcDNA3/Myc-DNMT3A2 (a kind gift from Arthur Riggs (Addgene plasmid #35521)) or vector control were transfected using Lipofectamine3000 (Thermo Fisher Scientific, Waltham, MA, USA; cat. #11668019), according to the manufacturer's protocol. After 24 h, doxycycline (Sigma Aldrich, St. Louis, MO, USA) (100 ng/mL) was added to HepG2-1.1 cell culture medium for 24 h to induce HBV pre-genome mRNA expression; then, doxycycline-containing medium was discarded, and cells were washed twice with PBS before harvesting for isolation of nucleic acids (day 1 of the study). In parallel, cells were cultured in complete medium without doxycycline for two additional days (day 3 of the study). Results were reproduced in three independent experiments. Alternatively, pcDNA3/Myc-DNMT3A was nucleofected into HepG2-1.1 or HepG2-1.5 cells using Amaxa 4D-Nucleofector TM X Unit (Lonza, Basel, Switzerland) and Lonza Nucleofector (Lonza, Basel, Switzerland), according to the manufacturer's protocols. In brief, 1 million HepG2-1.1 or HepG2-1.5 cells were nucleofected with 5 µg DNMT3A or 2 µg pMAX-GFP (control), cultured with doxycycline-containing media for 24 h (HepG2-1.1) or without doxycycline (HepG2-1.5), rinsed twice with PBS the next day, and harvested after 48 h. Alternatively, DNMT3A-or control vector-nucleofected cells were incubated for 24 h with 5-azacytidine (5 µM) or DMSO the day after nucleofection, rinsed twice with PBS, and incubated in complete medium without 5-azacytidine for an additional 24 h.
CRISPR/Cas9-Mediated Targeting of APOBEC3s
APOBEC3A (APO3A) and APOBEC3B (APO3B) CRISPR interference was performed using the Streptococcus pyogenes CRISPR/Cas9 gene editing tool. Target sites were selected in the UCSC genome browser. sgRNAs targeting promoters of APO3A and APO3B were designed using CCTop sgRNA Design Tool (APOsgRNA) [24] . PCR products encoding sgRNAs under control of the U6 promoter were synthesized as described before using 2-step mutagenic PCR with Q5 High Fidelity Polymerase (New England Biolabs, Ipswich, MA, USA) [21, 22] . APOBEC3s-targeting CRISPR/Cas9 were nucleofected into HepG2-1.1 or HepG2-1.5 cells, incubated for 72 h, and used for further analyses. A list of the sgRNAs and primers used is presented in Table S1 .
Isolation of Nucleic Acids, Reverse Transcription, and PCR Analysis
Nucleic acids were isolated by an AmpliSens Riboprep kit (AmpliSens Biotechnologies, Moscow, Russia) according to the manufacturer's instructions. Following isolation, each sample was used for three subsequent procedures: (1) RNase-free DNase I enzyme (Thermo Fisher Scientific, Waltham, MA, USA) treatment, re-isolation using AmpliSens Riboprep kit, reverse transcription with AmpliSens Reverta-L (AmpliSens Biotechnologies, Moscow, Russia), and subsequent PCR analysis for S-mRNA (S-RNA), pregenomic RNA (pgRNA), DNMT3A, PKR, APO3A, APO3B, MxA, PKR, DNA-PKcs, RAD51, Mre11, ATM, and ATR expression using TaqMan probes or SybrGreen (Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA); (2) plasmid-safe ATP-dependent DNase (Epicentre, Illumina Inc., Madison, WI, USA) treatment for 12 h, followed by inactivation of the enzyme at 70 • C for 30 min and semi-quantitative PCR with cccDNA-specific primers, as described previously [25] ; and (3) total HBV DNA quantitative analysis using an AmpliSens HBV-monitor-FL kit (AmpliSens Biotechnologies, Moscow, Russia). cccDNA and total HBV DNA levels were normalized to levels of genomic β-globin. Primers are listed in Table S1 .
Southern Blot Analysis
HBV cccDNA was isolated by the Hirt procedure and detected by southern blot as described previously [26] . Briefly, the Hirt DNA samples were heated at 85 • C for 5 min to denature rcDNA into single-stranded DNA, followed by plasmid-safe ATP-dependent DNase treatment (Epicentre, Illumina Inc., Madison, WI, USA) at 37 • C for 16 h and inactivation of the enzyme by heating at 70 • C for 30 min. The samples were then separated on 1.2% agarose gel by electrophoresis and blotted onto a HybondTM-N+ membrane (GE Healthcare, Amersham, Buckinghamshire, UK). Biotin-labeled probes were obtained using North2South Biotin Random Prime DNA Labeling kit (Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer's protocol, and used for hybridization. Hybridization was performed with a 30-min pre-hybridization at 55 • C for 30 min in the North2South Chemiluminescent Detection kit hybridization buffer (Thermo Fisher Scientific, Waltham, MA, USA) and subsequent hybridization at 55 • C overnight in hybridization buffer containing 30 ng/mL of Microorganisms 2019, 7, 533 4 of 16 the labeled probe. Membranes were washed, blocked, and equilibrated. Probe-target hybrids were visualized using Streptavidin:HRP conjugates and Peroxide/Luminol working solution.
HBsAg Quantification
Conditioned medium from HBV-1.1 cells was harvested, filtered through a 0.2-µm filter (Corning Inc., New York, NY, USA), and used for the Abbott Architect HBsAg assay (Abbott Laboratories, Abbott Park, IL, USA). Results were normalized to cell numbers.
Immunocytochemistry and Fluorescent Microscopy
γ-H2AX foci were detected using immunofluorescence as described previously [27] . Briefly, cells were seeded into each well of a 6-well plate with a glass coverslip. At harvest, cells were fixed in 4% paraformaldehyde for 10 min, washed three times in Tris-HCl (50 mM, pH 8.0), and incubated for 30 min with blocking buffer (0.02% Triton X-100, 10% horse serum, and 150 mM NaCl in Tris-HCl (50 mM, pH 8.0)). Glass coverslips were then incubated with primary rabbit anti-γ-H2AX polyclonal antibodies (ab11174, Acam, Cambridge, UK; 1:1000 dilution in blocking buffer) at room temperature for 1 h, washed three times in washing buffer (0.02% Triton X-100 and 200 mM NaCl in Tris-HCl (50 mM, pH 8.0)), and incubated with secondary Alexa Fluor 488 goat anti-rabbit IgG antibodies (ab150077, Abcam, Cambridge, UK; 1:300 dilution in blocking buffer) and nuclear counterstaining reagent Hoechst33342 (Abcam, Cambridge, UK) at room temperature for 1 h. Coverslips were mounted with Fluoroshield reagent (ab104135, Abcam, Cambridge, UK). Foci were visualized on a Leica DMI6000 microscope with 100× immersion objective. γ-H2AX foci were counted visually or using ImageJ. More than 100 cells in each experimental group were chosen for γH2AX quantitation.
FACS Analysis
For cell cycle analysis, HepG2-1.1 cells were stained with DRAQ5 (Abcam, Cambridge, UK) solution according to the manufacturer's protocol. DNA content in all experimental conditions was assessed as followed: complete cell culture medium was discarded, and cells were washed twice with 1 × PBS, trypsinized, and carefully resuspended in FBS-containing medium. Detached cells were centrifuged (500× g for 5 min), supernatants were discarded, and cell pellets were resuspended in 300 µL of PBS containing 5 µM DRAQ5. Analysis of cell cycle distribution was carried out on a FACScalibur flow cytometer (BD Biosciences, Fraklin Lakes, NJ, USA) with Flowing Software 2.5.1 in the PE-Cy7-A channel; signals were plotted in linear mode. Gates used included G0/G1, S, and G2/M areas. To analyze nucleofection efficiency, HepG2-1.1 cells nucleofected with 2 µg pMAX-GFP were harvested after 48 h as described above and analyzed on a FACScalibur flow cytometer. Percentage of GFP-expressing cells was calculated compared to vector-nucleofected HepG2-1.1 control cells in the FITC-A channel using Flowing Software 2.5.1.
Statistics
Values were expressed as the mean ± standard deviation (SD) of triplicate experiments in GraphPad Prism 7.0 software. Student's T-test or one-way ANOVA, where applicable, with Tukey's HSD post hoc test were used to compare variables and calculate p values to determine statistically significant differences in means.
Results
Overexpression of DNMT3A Suppresses HBV Replication But Increases cccDNA Levels
Previously, HBV infection and replication have been shown to elevate cellular levels of DNMTs [15] . DNMTs, namely de novo methyltransferase DNMT3A, serve as innate factors that epigenetically silence HBV cccDNA and limit viral transcription and replication [11, 12, 15] .
Indeed, we detected DNMT3A upon doxyxycline addition, which activates HBV replication in the tet-on inducible HepG2-1.1 cell line, and observed a significant increase in DNMT3A expression ( Figure 1A , act-HepG2-1.1, day 3). To precisely investigate whether increased DNMT3A expression could interfere with HBV replication, we overexpressed DNMT3A in HepG2-1.1 cells ( Figure S1 ), and analyzed its effects on the HBV replication cycle. Surprisingly, secretion of HBsAg and levels of HBV replication intermediates (pgRNA, S-ORF mRNA (S-mRNA)), and total intracellular HBV DNA) were substantially decreased ( Figure 1B-D) , but the levels of HBV cccDNA were consistently elevated in DNMT3A-overexpressing cells as indicated by PCR ( Figure 1D ) and southern blot analysis ( Figure S2 ). Since previous reports [11, 12, 15] did not show any significant effects of DNMTs on the HBV cccDNA pool, we investigated whether the observed increase in HBV cccDNA levels was indeed related to increased expression of DNMT3A. To test this, we overexpressed DNMT3A in the HBV-producing cell lines actHepG2-1.1 and HepG2-1.5 and treated cells with 5-azacytidine (Aza), a strong inhibitor of DNMTs. Treatment with Aza restored viral expression of HBV pgRNA, even when DNMT3A was massively overexpressed (Figure 2A,B) , and subsequently blocked any increase in HBV cccDNA levels ( Figure 2C ,D). 
DNMT3A Stimulates Cell Cycling in HBV-Infected Cells
Since HBV cccDNA has no origin of replication, the pool of cccDNA becomes diluted when infected cells rapidly divide, and accumulates after infection when cells remain quiescent [5, 6, 28] . 
Since HBV cccDNA has no origin of replication, the pool of cccDNA becomes diluted when infected cells rapidly divide, and accumulates after infection when cells remain quiescent [5, 6, 28] . Thus, we hypothesized that overexpressed DNMT3A may restrict cell cycling so that quiescent cells accumulate HBV cccDNA [29, 30] , especially given the observation that conversion of rcDNA to cccDNA occurs predominantly during the G0/G1 phase [28] .
As reported earlier, HBV infection is associated with cellular G0/G1 cell cycle arrest [30] [31] [32] , but little is known about the role of DNMT3A expression in this regard. To investigate the effects of elevated DNMT3A on cell cycling and HBV replication, we analyzed the cell cycle using FACS. Indeed, HBV replication (mock HBV) resulted in G0/G1 arrest (not significant; p = 0.077) and reduced the proportion of cells in the S phase compared to the mock control (p < 0.01) ( Figure 3 ). However, transfection of DNMT3A strongly stimulated cell cycling, as evidenced by a measurable increase in the proportion of cells in the S phase (p < 0.05) together with a decline in G1/G0 cells (not significant; p = 0.140) ( Figure 3 ). Overall, DNMT3A appears to stimulate the cell cycle in HBV-producing cells, which leads to a reduction in the number of cells in the G0/G1 phase and increases the cells in the S phase. Thus, we hypothesized that overexpressed DNMT3A may restrict cell cycling so that quiescent cells accumulate HBV cccDNA [29, 30] , especially given the observation that conversion of rcDNA to cccDNA occurs predominantly during the G0/G1 phase [28] . As reported earlier, HBV infection is associated with cellular G0/G1 cell cycle arrest [30] [31] [32] , but little is known about the role of DNMT3A expression in this regard. To investigate the effects of elevated DNMT3A on cell cycling and HBV replication, we analyzed the cell cycle using FACS. Indeed, HBV replication (mock HBV) resulted in G0/G1 arrest (not significant; p = 0.077) and reduced the proportion of cells in the S phase compared to the mock control (p < 0.01) ( Figure 3 ). However, transfection of DNMT3A strongly stimulated cell cycling, as evidenced by a measurable increase in the proportion of cells in the S phase (p < 0.05) together with a decline in G1/G0 cells (not significant; p = 0.140) ( Figure 3 ). Overall, DNMT3A appears to stimulate the cell cycle in HBV-producing cells, which leads to a reduction in the number of cells in the G0/G1 phase and increases the cells in the S phase. 
DNMT3A Downregulates Expression of HBV Restriction Factors Including APOBEC3s
The HBV cccDNA pool may not be as stable and persistent as previously assumed [7] . A factor for destabilization of HBV cccDNA is the expression of innate restriction factors capable of interfering with HBV replication and cccDNA formation [9, 33] . Since DNMT3A was shown to methylate promoters of genes involved in host antiviral defense [34] , we investigated the role of DNMT3A expression in the transcription of innate immune system factors during HBV replication.
We analyzed the expression of HBV restriction factors that directly influence HBV cccDNA (i.e., APOBEC3A (APO3A) and APOBEC3B (APO3B)), which are directly involved in destroying cccDNA [9, 35] . We also analyzed MxA [36] and PKR [37] , which are involved in recognizing HBV and general anti-HBV activity.
Overexpressing DNMT3A in actHepG1-1.1 and HepG2-1.5 cells significantly depressed the transcription of almost all analyzed host restriction factors. Relative levels of MxA and PKR were suppressed from 52% to 98%, depending on the cell line used (Figure 4A,B) . Notably, alterations in APOBECs expression were also cell type-dependent. APO3A levels were reduced by half in actHepG2-1.1 cells, but were not altered in HepG2-1.5 cells (Figure 4C,D) . In contrast, APO3B remained at control levels in actHepG2-1.1 cells, but was dramatically downregulated in HepG2-1.5 cells (Figure 4C,D) . As the cell lines differ in HBV replication rates, the observed differences may be attributable to the effects of HBV on the cells. 
Overexpressing DNMT3A in actHepG1-1.1 and HepG2-1.5 cells significantly depressed the transcription of almost all analyzed host restriction factors. Relative levels of MxA and PKR were suppressed from 52% to 98%, depending on the cell line used (Figure 4A,B) . Notably, alterations in APOBECs expression were also cell type-dependent. APO3A levels were reduced by half in actHepG2-1.1 cells, but were not altered in HepG2-1.5 cells ( Figure 4C,D) . In contrast, APO3B remained at control levels in actHepG2-1.1 cells, but was dramatically downregulated in HepG2-1.5 cells ( Figure 4C,D) . As the cell lines differ in HBV replication rates, the observed differences may be attributable to the effects of HBV on the cells. In conclusion, DNMT3A expression downregulates key innate immunity regulators of HBV replication. This may be responsible for the expansion of the HBV cccDNA pool. 
CRISPR/Cas9-Mediated Silencing of APO3A or APO3B Increases cccDNA Pool
APO3A and APO3B are some of the few effector proteins that directly mutate and destroy HBV cccDNA. Lucifora et al. [9] reported that even basal levels of APOBEC3 deaminate cccDNA in different cell culture systems. Likewise, Nair and Zlotnick [10] reported that up to 25% of HBV rcDNA in the supernatant of HepG2-2.15 cells is deaminated by APOBEC3 expressed at baseline levels. To analyze how the baseline levels of APO3A and APO3B affect HBV replication and cccDNA levels, we utilized a CRISPR/Cas9-mediated silencing approach (which disrupts gene promoters by inducing double-stranded breaks in DNA) to shut down the APO3A gene in actHepG2-1.1 cells and the APO3B gene in HepG2-1.5 cells; these factors were downregulated by DNMT3A expression as previously described (Figure 4C,D) . CRISPR/Cas9 system (SpCas9) reduced baseline levels of APO3A by 45% in HepG2-1.1 cells (p < 0.001, Figure 5A ). Silencing APO3A using CRISPR/Cas9 in actHepG2-1.1 only slightly altered HBV transcription ( Figure 5B ), while HBV cccDNA levels increased ~2-fold ( Figure 5C ), indicating that baseline APO3A does not dramatically affect HBV transcription from HBV cccDNA, but rather impacts the formation and accumulation of cccDNA. In turn, CRISPR/Cas9mediated disruption of the APO3B gene promoter in HepG2-1.5 cells ( Figure 5D ) decreased APO3B levels, leading to a 2-fold elevation of HBV transcription and ~3-fold increase in HBV cccDNA levels. In conclusion, DNMT3A expression downregulates key innate immunity regulators of HBV replication. This may be responsible for the expansion of the HBV cccDNA pool.
APO3A and APO3B are some of the few effector proteins that directly mutate and destroy HBV cccDNA. Lucifora et al. [9] reported that even basal levels of APOBEC3 deaminate cccDNA in different cell culture systems. Likewise, Nair and Zlotnick [10] reported that up to 25% of HBV rcDNA in the supernatant of HepG2-2.15 cells is deaminated by APOBEC3 expressed at baseline levels. To analyze how the baseline levels of APO3A and APO3B affect HBV replication and cccDNA levels, we utilized a CRISPR/Cas9-mediated silencing approach (which disrupts gene promoters by inducing double-stranded breaks in DNA) to shut down the APO3A gene in actHepG2-1.1 cells and the APO3B gene in HepG2-1.5 cells; these factors were downregulated by DNMT3A expression as previously described (Figure 4C,D) . CRISPR/Cas9 system (SpCas9) reduced baseline levels of APO3A by 45% in HepG2-1.1 cells (p < 0.001, Figure 5A ). Silencing APO3A using CRISPR/Cas9 in actHepG2-1.1 only slightly altered HBV transcription ( Figure 5B ), while HBV cccDNA levels increased~2-fold ( Figure 5C ), indicating that baseline APO3A does not dramatically affect HBV transcription from HBV cccDNA, but rather impacts the formation and accumulation of cccDNA. In turn, CRISPR/Cas9-mediated disruption of the APO3B gene promoter in HepG2-1.5 cells ( Figure 5D ) decreased APO3B levels, leading to a 2-fold elevation of HBV transcription and~3-fold increase in HBV cccDNA levels.
Correspondingly, the baseline levels of APO3A and APO3B mildly affected HBV transcription and replication, but significantly limited formation/accumulation of HBV cccDNA. Correspondingly, the baseline levels of APO3A and APO3B mildly affected HBV transcription and replication, but significantly limited formation/accumulation of HBV cccDNA. Relative expression levels were calculated using the ΔΔCT method. The values are expressed as a means ± standard deviation. Asterisks indicate statistically significant differences. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Data were analyzed by the t-test. SpCas9-nc, cells transfected with CRISPR system and a non-targeting sgRNA; SpCas9-APO3A/3B, cells transfected with CRISPR targeting APO3A or APO3B genes.
Overexpressed DNMT3A Reduces Expression of DNA-Damage Response Factors and Aggravates HBV-Related Genome Damage
DNMT3A is one of the many factors involved in HBV-induced HCC development [38] . As reported by us and others, HBV replication itself significantly increases DNA damage, recognizable by the increase of γ-H2AX, a phosphorylated form of histone H2A.X, traditionally regarded as a marker of DNA damage [27, 39, 40] . One of the key mechanisms of DNMT3A-induced progressive genome instability is the downregulation of genes involved in cell cycle control and DNA repair [41, 42] .
In our study, we observed numerous γ-H2AX foci generated in cells with activated HBV replication ( Figure 6A,B) . Spontaneous γ-H2AX foci were observed in mock HepG2-1.1 cells without doxycycline, but their numbers were significantly lower when compared to cells with active HBV replication (mock actHepG2-1.1). Next, we examined the effects of DNMT3A overexpression on the APO3A, APO3B mRNAs, pgRNA, and S-mRNA were measured relative to GAPDH mRNA, and total intracellular HBV DNA and cccDNA relative to β-globin. Relative expression levels were calculated using the ∆∆CT method. The values are expressed as a means ± standard deviation. Asterisks indicate statistically significant differences. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. Data were analyzed by the t-test. SpCas9-nc, cells transfected with CRISPR system and a non-targeting sgRNA; SpCas9-APO3A/3B, cells transfected with CRISPR targeting APO3A or APO3B genes.
In our study, we observed numerous γ-H2AX foci generated in cells with activated HBV replication ( Figure 6A,B) . Spontaneous γ-H2AX foci were observed in mock HepG2-1.1 cells without doxycycline, but their numbers were significantly lower when compared to cells with active HBV replication (mock actHepG2-1.1). Next, we examined the effects of DNMT3A overexpression on the number of γ-H2AX foci. Overexpression of DNMT3A resulted in significantly higher numbers of γ-H2AX foci (Figure 6A,B) . Increased formation of γ-H2AX foci in DNMT3A-overexpressed cells may be related to aberrant expression of DNA damage repair (DDR) factors. DNA damage repair may be impaired by the methylation of promoter regions in DDR genes by DNMT3A, leading to the downregulation of DDR factor expression, as shown previously [41, 42] . To analyze differences in DDR expression in our setting, we measured the expression of DDR factors DNA-PKcs, RAD51, MRE11A, ATM, and ATR in actHepG2-1.1 and HepG2-1.5 transfected or not transfected with the DNMT3A plasmid. Some of these factors are also involved in HBV replication and reactivation [43] . be related to aberrant expression of DNA damage repair (DDR) factors. DNA damage repair may be impaired by the methylation of promoter regions in DDR genes by DNMT3A, leading to the downregulation of DDR factor expression, as shown previously [41, 42] . To analyze differences in DDR expression in our setting, we measured the expression of DDR factors DNA-PKcs, RAD51, MRE11A, ATM, and ATR in actHepG2-1.1 and HepG2-1.5 transfected or not transfected with the DNMT3A plasmid. Some of these factors are also involved in HBV replication and reactivation [43] . Constitutive expression of DNMT3A reduced levels of DNA-PKcs, RAD51, and ATR in both cell lines (Figure 6C,D) . Notably, DNMT3A may reduce HBV replication not only epigenetically, but also by diminishing ATM/ATR levels, as this axis is involved in HBV replication [17, [43] [44] [45] .
To conclude, DNMT3A expression appears to promote genomic instability by inducing aberrant expression of DDR factors. We also speculate that DNMT3A may limit HBV transcription indirectly by suppressing ATM and ATR intracellular levels. 
Discussion
HBV induces intracellular overexpression of the de novo methyltransferase DNMT3A [15, 46] . In a plethora of studies, overexpression of DNMTs was demonstrated to limit HBV transcription and replication [11, 15, 47] . Surprisingly, in two cell line models, we observed a consistent and reproducible increase in HBV cccDNA levels along with a suppression in HBV transcription when DNMT3A was overexpressed (Figures 1 and 2) . We attempted to understand how HBV cccDNA Constitutive expression of DNMT3A reduced levels of DNA-PKcs, RAD51, and ATR in both cell lines ( Figure 6C,D) . Notably, DNMT3A may reduce HBV replication not only epigenetically, but also by diminishing ATM/ATR levels, as this axis is involved in HBV replication [17, [43] [44] [45] .
To conclude, DNMT3A expression appears to promote genomic instability by inducing aberrant expression of DDR factors. We also speculate that DNMT3A may limit HBV transcription indirectly by suppressing ATM and ATR intracellular levels.
HBV induces intracellular overexpression of the de novo methyltransferase DNMT3A [15, 46] . In a plethora of studies, overexpression of DNMTs was demonstrated to limit HBV transcription and replication [11, 15, 47] . Surprisingly, in two cell line models, we observed a consistent and reproducible increase in HBV cccDNA levels along with a suppression in HBV transcription when DNMT3A was overexpressed (Figures 1 and 2) . We attempted to understand how HBV cccDNA levels can be increased when viral transcription is dramatically reduced. To make sure that the observed effects are related to DNMT3A, we used cells overexpressing DNMT3A and treated with a strong DNMT inhibitor (5-azacytidine) [48] (Figure 2 ). In these experiments, 5-azacytidine partially restored HBV transcription and alleviated effects of DNMT3A on HBV cccDNA levels ( Figure 2) .
The most tenable explanation for the increased HBV cccDNA levels in DNMT3A-overexpressing cells seemed to be decelerated cell cycling and, subsequently, reduced dilution and increased accumulation of HBV cccDNA in the cells. However, cell cycle analysis using FACS indicated increased proliferation of cells ( Figure 3) . Therefore, increased levels of cccDNA upon DNMT3A overexpression are not related to G0/G1 arrest and accumulation of HBV genomes in arrested cells.
Although two cell models used in our study reproduce HBV replication and cccDNA formation, they lack a NTCP receptor and do not support infection and reinfection processes. Additionally, HBV is a slow replicating virus, whereas in HepG2-1.1merHBV (under CMV promoter) and HepG2-1.5merHBV (under wild type HBV promoter) HBV transcription and replication are very active. The viral life cycle is more active in HepG2-1.1merHBV cells when compared to HepG2-1.5merHBV cells, which mimic a more natural infection. In our study, an increase in HBV cccDNA levels upon DNMT3A overexpression was observed in both cell lines. Nevertheless, to better address the biological relevance of the observed phenomenon, more advanced cell models based on transformed (HepG2-NTCP) or primary cell lines (PHH) should be used.
Effects of baseline innate immunity factors on HBV cccDNA formation and maintenance were also considered. HBV is a "stealth virus" that does not induce a strong innate immune response [49, 50] ; for instance, it remains intact upon a strong hepatitis C virus -induced innate immune response [51] . Still, several factors recognize and neutralize HBV cccDNA including APO3A and APO3B [9] . In our studies, DNMT3A demonstrated cell line-dependent effects on APOBECs expression: APO3A was predominantly suppressed in actHepG2-1.1 cells, and APO3B was downregulated in HepG2-1.5 cells. The reasons for these differences are not clear, but may be indicative of the different innate immune responses and functions in cells with different HBV life cycle activity. Upon doxycycline treatment, HepG2-1.1 cells produce large amounts of viral pgRNA from an artificial, inducible tet-on CMV promoter, and continuously overexpress S-mRNA and HBsAg from HBV-internal promoters, whereas HepG2-1.5 cells produce pgRNA constitutively from a wild-type HBV promoter, mimicking more natural replication of HBV in infected cells. It is well accepted that HBV cccDNA is replenished by conversion from rcDNA to cccDNA, where rcDNA may arise either from rcDNA formed from pgRNA or from de novo infection by rcDNA-containing HBV particles [7] . CRISPR/Cas9-mediated silencing of APO3A and APO3B had minor effects on viral transcription, but significantly increased HBV cccDNA levels ( Figure 5 ). In previous studies, baseline levels of endogenous APO3A and APO3B had no significant impact on pre-existing HBV cccDNA [10, 52] . Instead, a significant proportion of HBV rcDNA was mutated by APOBECs. In this study, we demonstrated that CRISPR/Cas9-mediated silencing of APO3A and APO3B resulted in significant expansion of the HBV cccDNA pool. One of the possibilities could be that these factors either neutralize a portion of rcDNA, thus reducing the amount of rcDNA able to convert into cccDNA, or directly affect rcDNA to cccDNA conversion (Figure 7) . Nevertheless, we cannot exclude that other innate factors in addition to APOBECs or other pathways involved in HBV cccDNA formation could be affected in the conducted experiments.
rcDNA to cccDNA. In particular, Li et al. hypothesized that cccDNA amplification upon TDF treatment may depend on the host kinases and phosphatases responsible for the modification of viral proteins and enhanced transport of core particles into the nucleus [54] . The latter is not likely the case in this study because DNMT3A generally suppresses transcription of the host factors including those potentially involved in cccDNA formation/amplification. Most likely, the observed increase in HBV cccDNA is related to the inhibition of the host factors that restrict cccDNA formation at baseline levels.
Elucidating the mechanisms of the observed phenomenon will be important in understanding the fundamental mechanisms of HBV-cell host interaction, which might provide fundamental insights into HBV biology, or potentially identify novel therapeutic targets for HBV treatment. Figure 7 . Effects of innate immunity on HBV cccDNA formation and maintenance in in vitro models of HBV replication. Innate immunity limits HBV cccDNA formation at baseline levels (left side; innate immunity ON). Overexpressing DNMT3A or CRISPR/Cas9-mediated silencing of factors of innate immunity results in elevated HBV cccDNA levels (right side; innate immunity OFF). The picture was created in BioRender.
Additionally, we asked how HBV and overexpressed DNMT3A alter the genome stability of the cell. It is well known that DNMT3A can induce hypermethylation of the host cell genome, alter endogenous expression of DDR factors, and thus contribute to genome stability [15, 55] . HBV itself appears to inflict DNA damage, as evidenced by increased formation of γ-H2AX foci, while overexpressed DNMT3A increases DNA damage. Generation of γ-H2AX foci in cells with active HBV life cycle was mainly attributable to virologic effects; overexpressing DNMT3A suppressed HBV replication, but resulted in more severe cellular genome damage. We speculate that it might occur due to aberrant expression of DDR factors, as described in our study.
To conclude, our study demonstrates for the first time that factors of innate immunity may strongly limit the formation of HBV cccDNA, at least in in vitro models of HBV replication. While we clearly observed that HBV cccDNA levels were increased, and APOBEC3A/3B as well as some other factors were downregulated upon DNMT3A overexpression, and reduced expression of APOBEC3A/3B resulted in an increase in HBV cccDNA comparable to that observed upon DNMT3A overexpression, we cannot exclude that APOBEC3A/3B are not the only or the major factors responsible for the observed increase in HBV cccDNA levels when viral transcription is suppressed. We hypothesize that factors of innate immunity or additional host factors may restrict HBV cccDNA formation by limiting conversion of HBV rcDNA into cccDNA or by other mechanisms involving different steps of HBV cccDNA formation. Alternatively, Li et al. [53] observed a modest decline in HBV cccDNA counts using a FISH technique upon TDF treatment (a strong inhibitor reverse transcription) in the early days of the experiment, followed by a drop in HBV cccDNA levels and hypothesized that this slow initial decline may be related to the conversion of mature, residual rcDNA to cccDNA. In particular, Li et al. hypothesized that cccDNA amplification upon TDF treatment may depend on the host kinases and phosphatases responsible for the modification of viral proteins and enhanced transport of core particles into the nucleus [54] . The latter is not likely the case in this study because DNMT3A generally suppresses transcription of the host factors including those potentially involved in cccDNA formation/amplification. Most likely, the observed increase in HBV cccDNA is related to the inhibition of the host factors that restrict cccDNA formation at baseline levels.
Elucidating the mechanisms of the observed phenomenon will be important in understanding the fundamental mechanisms of HBV-cell host interaction, which might provide fundamental insights into HBV biology, or potentially identify novel therapeutic targets for HBV treatment.
To conclude, our study demonstrates for the first time that factors of innate immunity may strongly limit the formation of HBV cccDNA, at least in in vitro models of HBV replication. 
